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Introduction
The construction of genetic linkage maps is an essential step that serves several purposes, including studies on genome structure, map-based cloning of agriculturally valuable genes and mapping of quantitative trait loci (QTL). The molecular markers linked to important agronomic traits can be used for markerassisted selection (MAS) in breeding programs to improve selection efficiency. Genetic linkage maps have been developed for some ornamentals, such as Petunia (Peltier et al., 1994) , roses (Debener and Mattiesch, 1999; Rajapakse et al., 2001) , lily (Abe et al., 2002) and Alstroemeria (Han et al., 2002) .
Carnation (Dianthus caryophyllus L.) is one of the most important cut flowers in the world. Most the carnation cultivars are diploid with a chromosome number of 2n = 30 (Gatt et al., 1998) . Figueira et al. (1992) reported that the nuclear DNA content of carnation was 1.23 pg/2C, which indicates that the carnation has a comparatively small nuclear genome of about 4-fold size of Arabidopsis thaliana (0.30 pg/2C) (Arumuganathan and Earle, 1991) . In carnation, a few molecular markers linked to traits, such as flower type (Scovel et al., 1998) , resistance to Fusarium oxysporum f. sp. dianthi (Scovel et al., 2001) , and post-harvest longevity of cut flowers (De Benedetti et al., 2003) have been reported previously by using random amplified polymorphic DNA (RAPD) analysis. However, to our knowledge, no genetic linkage map has been reported yet.
Bacterial wilt caused by Burkholderia caryophylli (Burkholder) Yabuuchi, Kasako, Oyaizu, Yano, Hotta, Hashimoto, Ezaki, and Arakawa, previously classified as Pseudomonas caryophylli (Burkholder) Starr and Bulkholder is the most damaging disease of carnations in Japan. It causes serious crop losses, especially during the summer season. Therefore, to identify and isolate individuals with resistance to bacterial wilt, we screened 277 cultivars and 70 wild Dianthus accessions. In the process, we discovered a highly resistant wild species, D. capitatus Balbis ex DC. ssp. andrzejowskianus Zapal. (Onozaki et al., 1999a, b) . Subsequently, we succeeded in introducing the resistance from D. capitatus ssp. andrzejowskianus into carnations (Onozaki et al., 1998) to produce a new bacterial wilt-resistant line, 'Carnation Nou No. 1' (Onozaki et al., 2002) . Moreover, the sequence-tagged site (STS) marker, linked to a major resistance gene of bacterial wilt, derived from D. capitatus ssp. andrzejowskianus was developed by using bulked segregant analysis (Onozaki et al., 2004) . The use of the STS marker as a selection marker for breeding resistance for bacterial wilt would reduce breeding costs, shorten breeding cycles, and improve selection efficiency.
In this study, we report the construction of a genetic linkage map with RAPD and SSR (simple sequence repeat) markers. RAPD markers can quickly generate a large number of polymorphisms, produce a large number of scorable loci per single assay, and generally give significant coverage of the genome (Staub et al., 1996) . A single SSR is comprised of tandem arrays of 2-to 5bp monomeric repeat units (Staub et al., 1996) but because of their abundance over the genome and codominance in its expression (Morgante and Olivieri, 1993) , they are useful for transferring the data to other segregating populations. Fortunately, in carnation, some SSR markers that were reported previously (Smulders et al., 2000 (Smulders et al., , 2003 and may be available for constructing the map.
In a previous report by Onozaki et al. (2004) , a QTL with a large effect for resistance to bacterial wilt was revealed which alluded that additional QTLs are present. Because the additional QTLs for resistance to bacterial wilt could improve selection efficiency, we carried out the QTL analysis for resistance by using the constructed linkage map.
Materials and Methods

Plant materials
A carnation breeding line resistant to bacterial wilt ('Carnation Nou No. 1'), a susceptible carnation cultivar ('Pretty Favvare') and 134 lines derived from a cross between them were used to construct a linkage map for evaluation of resistance to bacterial wilt. 'Carnation Nou No. 1' is an interspecific hybrid line between a susceptible D. caryophyllus 'Super Gold' and the highly resistant wild species, D. capitatus ssp. andrzejowskianus (Onozaki et al., 2002) . The segregating population of 134 lines was obtained by crossing 'Pretty Favvare', a susceptible D. caryophyllus with 'Carnation Nou No. 1'. Therefore, the segregating progenies represent a backcross (BC 1 ) population of (D. caryophyllus × D. capitatus ssp. andrzejowskianus) × D. caryophyllus.
Test for bacterial wilt resistance
The susceptibility of plant materials to B. caryophylli was tested by the cut-root soaking method replicated 8 times (Onozaki et al., 1999a) . The mean disease incidence in each line was calculated from the percentage of wilted plants after 91 days.
RAPD analysis
Genomic DNA was isolated from 0.5 g of leaf tissue, according to a Cetyltrimethylammonium bromide (CTAB) method (Murray and Thompson, 1980) . Four hundred sixty five random 12 mer primers (Wako Life Science, Osaka, Japan) and 40 random 10 mer primers (Operon Technologies Inc., Alameda, California, USA) were initially used for PCR amplification. Primers that were present only in 'Carnation Nou No. 1' were run on the whole population of all 134 individuals. Linkage and QTL analyses were carried out to reveal the linkage groups that are related to resistance to bacterial wilt. Subsequently, for adding markers to the groups that QTLs were detected, additional primers were screened by using 440 random 10 mer primers (Operon Technologies Inc.) and 216 random 10 mer primers (Wako Life Science). PCR was carried out in a total reaction volume 12 µL containing 1 × Ex Taq buffer, 24 ng of genomic DNA, 0.2 mM dNTPs, 3.6 pmol primers, and 0.3 units Ex Taq DNA polymerase (Takara Biomedicals, Tokyo, Japan). Amplification was carried out in a Takara PCR Thermal Cycler MP (Takara Biomedicals) or Takara PCR Thermal Cycler Dice (Takara Biomedicals), as described previously (Onozaki et al., 2004) .
SSR analysis
For SSR analysis, 16 SSR markers that Smulders et al. (2000 Smulders et al. ( , 2003 reported were used. PCR was carried out in a total reaction volume 12 µL, containing 1 × Ex Taq buffer, 24 ng of genomic DNA, 0.2 mM dNTPs, 1.8 pmol forward and reverse primers, and 0.3 units Ex Taq DNA polymerase. Amplification was carried out in a Takara PCR Thermal Cycler MP or Takara PCR Thermal Cycler Dice. The temperature conditions for PCR were 94°C for 1 min; 30 cycles at 94°C for 30 s, 55°C for 30 s, 72°C for 1 min; and 72°C for 5 min; followed by cooling at 4°C to stop the reaction. The amplified products were electrophoresed at 100 V for 40 min in 4.0% NuSieve GTG agarose gel (Biowhittaker Molecular Applications, USA).
Segregation analysis and statistical analysis
Segregation of individual markers was analyzed by a chi-square test for goodness-of-fit to a 1:1 ratio. Linkage analysis of the entire set of markers was performed by using MAPMAKER/EXP 3.0 computer program (Lander et al., 1987) . The Kosambi function was used to obtain the centiMorgan (cM) values (Kosambi, 1944) . Markers were assigned to linkage groups by using the "group" command with a LOD score of 4.0 and a map distance below 30 cM. Interval QTL mapping was carried out by using the software MAPMAKER/QTL version 1.1 (Paterson et al., 1988; Lincoln et al., 1993) . A LOD score 2.0 would be needed as the significance threshold for QTLs.
The differences in mean disease incidence between the two groups categorized from among the 134 lines as having or lacking a marker were tested by the Wilcoxon method (Wilcoxon, 1945) , which is a nonparametric significance test for differences between two populations.
Designation of DNA markers
RAPD loci were denoted by using two initial letters that are based on the kit for identifying the Operon (O) and Wako (W) followed by the primer number designated by Operon Technologies Inc. and Wako Life Science, respectively. Other initial letters "A", "B" or "D" indicated Wako 10 mer primers designated by Wako. In the SSR markers, names assigned by Smulders et al. (2000 Smulders et al. ( , 2003 were used.
Results and Discussion
This is the first report on the construction of a linkage map for the carnation. A total of 1161 arbitrary primers were screened in the RAPD reaction by using DNA isolated from parental lines. Selected primers were applied to the segregating population of 134 lines among which 137 primers revealed polymorphism, that is, these primers produced band patterns that were present in resistant 'Carnation Nou No. 1', but lacking in susceptible 'Pretty Favvare'. All the RAPD markers segregated in a dominant manner.
Among the 16 SSR primer pairs developed in Dianthus (Smulders et al., 2000 (Smulders et al., , 2003 , that we used in our mapping populations, nine SSR primer pairs were polymorphic in the segregating populations. The SSR markers, reported in this study constitute an initial set of standard landmarks that can be easily transferred from population to population and used as anchor points for a future map comparison.
Linkage analysis by MAPMAKER/EXP revealed that 124 loci, consisting of 137 RAPD and 9 SSR markers, could be assigned to 16 linkage groups with a LOD score 4.0 (Fig. 1) . The map covered 605.0 cM with an average linkage distance between pairs of 4.9 cM. Linkage distance spanned by individual linkage groups ranged from a low of 4.6 cM (group 16) to a high of 79.2 cM (group 1). The maximum interval between 2 loci was 26.0 cM in group 7.
Based on the published saturated maps, such as those Fig. 1 . A linkage map and the positions of QTLs for resistance to bacterial wilt in carnation. The black vertical bars represent the QTLs with a LOD score more than 2.0. Map distance (cM) is indicated on the left and locus names on the right. *, ** and *** indicate significant segregation distortions at the 5%, 1% and 0.1%, respectively, by chi-square analysis tests. Markers with under line are previously reported (Onozaki et al., 2004) .
for Arabidopsis thaliana (Hauge et al., 1993) , rice (Harushima et al., 1998 , Wu et al., 2002 and tomato (Haanstra et al., 1999) , an average map distance of 100 to 150 cM can be expected per chromosome regardless of the physical length. Applying this to the basic chromosome number in carnation (n = 15), we estimate the map length of the carnation genome to be 1500-2250 cM, whereas the present genetic map covers less than half as many genomes. The observed number of linkage groups was close to the haploid chromosomal number of carnation (n = 15). However, several minor linkage groups are present in this map which indicates that more molecular markers are needed to complete the linkage map. If one minor linkage group were to coalesce with another group, the total linkage groups would converge to 15 when additional markers are added to the map. Markers, derived from 'Carnation Nou No. 1', should theoretically segregate in a 1:1 ratio in the segregating populations of 134 lines. Segregation analysis conducted on selected 146 markers by chi-square analysis tests, revealed that 48 markers (32.9%) exhibited significant skewing (P < 0.05) from the expected ratio. In particular, all molecular markers in group 3 exhibited significantly distorted ratios (P < 0.01). In Rhododendron, the segregations of 24% and 23% of markers from female and male parents, respectively, were distorted (Dunemann et al., 1999) , whereas in lily, the respective segregations of the markers were the equally distorted at 23.5% and 24.5% (Abe et al., 2002) . The rate of skewed markers in this study (32.9%) is higher than the usual rate of these ornamentals. There are several possible causes for the unequal segregation of alleles, e.g., the abortion of male or female gametes or the selective exclusion of a particular gametic genotype from fertilization, owing to incompatibility, incongruity or zygote selection (Lashermes et al., 2001) . Because 'Carnation Nou No. 1' is derived from interspecific crosses involving several species, there may exist hybrid sterility genes and gametophytic selection genes, as it was assumed for Rhododendron (Dunemann et al., 1999) and lily (Abe et al., 2002) . Onozaki et al. (2004) previously reported that a continuous distribution from highly resistant to very susceptible reactions was observed among the 134 progenies, which suggests the polygenic nature of this trait. Moreover, we found that the frequency distribution had two peaks to suggest the effects of a major gene. We succeeded in developing STS marker linked to the major gene by using bulked segregant analysis (Onozaki et al., 2004) , while our QTL analysis with developed linkage map revealed the presence of additional QTLs (Table 1) . The QTLs for resistance to bacterial wilt replicated 8 times showed that they were present in groups 2, 5 and 6 with a LOD score more than 2.0. In particular, the largest QTL peak was detected in group 6 that accounted for 60.5% of the total phenotypic variance with a LOD score 23.46. This QTL corresponds to the major resistant gene previously reported (Onozaki et al., 2004) , thus confirming that the RAPD marker WG44, adjacent to the QTL peak, is a useful selection marker for breeding resistance to bacterial wilt.
In groups 2 and 5, QTLs with small effects were detected with LOD scores 2.32 and 2.87, respectively (Table 1) ; the nearest marker to these QTL peaks were RAPD markers OQ12 and WA85, respectively. The frequency distribution of mean disease incidence revealed that those lines which exhibit higher resistance possessed these two markers, especially, the resistant lines having less than 20% in disease incidence had WA85 (Fig. 2) . The difference in disease incidence between the two groups categorized from among the 134 lines, as having or lacking these markers, were 13.8% (OQ12) and 14.8% (WA85). These differences were significant at the 0.1% level by the Wilcoxon method (1945) . They indicate that the two QTLs with small effects are also involved with resistance to bacterial wilt. Onozaki et al. (2004) previously reported that although a major QTL had a large effect for resistance, additional QTLs may be involved. In this study, we found that at least two minor genes had additional effects.
Analyzing the results on the bases of strains and season of inoculation, the positions and magnitudes of these QTLs on groups 2 and 5 changed (data not shown), whereas the QTL peak on group 6 was unaffected. Thus, the mechanism of infection or the ambient conditions leading to it may differ between isolates 1 and 4 of B. caryophylli (provided by the National Institute for Agro-Environmental Science, Japan and Hyogo Prefectural Awaji Agricultural Institute, Japan, respectively). These factors may have also influenced the changes of QTL detected in groups 2 and 5. The above two isolates not only have different disease virulence (Onozaki et al., 1999a) , but they are influenced by changes in seasonal Interval QTL mapping was carried out using the software MAPMAKER/QTL version 1.1 with a LOD score threshold of 2.0. The linkage map was scanned at each 0.1 cM interval.
soil temperature after planting. This first-generation map provides an initial tool for future map saturation and the localization of valuable carnations traits, such as flower color, flowering time, and flower longevity. The SSR markers were highly useful for the construction of high-density maps because of their high polymorphism levels, co-dominant character and abundant, wide distribution over the genome. In addition, these SSR markers are generally easy to transfer from one species to another within the same genus and, thus, serve as convenient anchor points in the construction of intraspecific and interspecific maps. Our future aim is to develop additional SSR markers to obtain a higher density, saturated genomic map for the carnation. 
RAPDおよびSSRマーカーによるカーネーションの連鎖地図作成および萎凋細菌病抵抗性のQTL解析
